Concentrator photovoltaics (CPV) is a special high efficiency system technology in the world of PV-technologies. The idea of CPV is to use optical light concentrators to increase the incident power on solar cells. The solar cell area is comparatively tiny, thus saving expensive semiconductor materials and allowing the use of more sophisticated and more costly multi-junction solar cells. The highest CPV module efficiency achieved is 38.9%. This CPV module uses four-junction III-Vbased solar cells. Moreover, mini-modules have already achieved an efficiency of 43.4%. The interaction between optics, cells, and layout of the module and tracker determines the overall field performance. Today, some utility scale CPV plants are installed. The CPV technology allows for many technical solutions for system designs and for optimizing performance while maintaining the economics. This paper will review the achievements and discuss the challenges for the CPV module technology and its components. We discuss the different components and the most important effects regarding the module design. Furthermore, we present the module designs that have shown the highest efficiencies. Published by AIP Publishing. https://doi
(Received 1 July 2018; accepted 22 October 2018; published online 15 November 2018) Concentrator photovoltaics (CPV) is a special high efficiency system technology in the world of PV-technologies. The idea of CPV is to use optical light concentrators to increase the incident power on solar cells. The solar cell area is comparatively tiny, thus saving expensive semiconductor materials and allowing the use of more sophisticated and more costly multi-junction solar cells. The highest CPV module efficiency achieved is 38.9%. This CPV module uses four-junction III-Vbased solar cells. Moreover, mini-modules have already achieved an efficiency of 43.4%. The interaction between optics, cells, and layout of the module and tracker determines the overall field performance. Today, some utility scale CPV plants are installed. The CPV technology allows for many technical solutions for system designs and for optimizing performance while maintaining the economics. This paper will review the achievements and discuss the challenges for the CPV module technology and its components. We discuss the different components and the most important effects regarding the module design. Furthermore, we present the module designs that have shown the highest efficiencies. In concentrator photovoltaic (CPV) technology, solar radiation is concentrated on a small solar cell to reduce semiconductor area by means of an optical collector. Typically, the systems are separated into two categories: high concentration photovoltaic (HCPV) systems with concentration factors of >300Â using high efficiency multi-junction solar cells and low concentration photovoltaic systems (LCPV) with concentration factors of >1Â to 30Â using silicon solar cells in adapted designs. In the latter technology, silicon solar cells are applied since the concentration level is not high enough to justify the use of more expensive multi-junction solar cells. While HCPV are based on point focus collectors, LCPV are typically linear systems concentrating the solar radiation in only one axis. As of the end of 2017, CPV systems with a cumulated capacity of 387 MW were installed with the dominating share being HCPV systems (361 MW). To our knowledge, there are no commercial medium concentration systems (concentration factor between 30 and 300) currently developed. In Fig. 1 , different commercial CPV systems are shown. In this paper, the a)
Electronic mail: maike.wiesenfarth@ise.fraunhofer.de emphasis is on HCPV modules. However, the basic design principles need to be considered in all CPV systems even though the flux densities are lower in LCPV and medium concentration systems. This means, regarding the design principles, optical requirements, alignment, and mechanical tolerances, a linear system with a geometrical concentration level of 30Â is equivalent to a point focus system of 900Â.
Superior efficiency and high cell cost were the ultimate motivation for developing CPV during the past few decades. Historically, the first lens based system Martin Marietta was demonstrated at Sandia laboratory in Arizona 1 in the early 1980s, motivated by the high cost of the silicon cells at that time. Development efforts increased continuously. In the early 2000s, Amonix (now Arzon) together with the European partner Guascor Foton installed more than 3 MW starting with a 100 kW installation at Glendale Airport, Arizona, 2 using high efficiency silicon solar cells. 3 One breakthrough for CPV technology took place around 2008 when multi-junction solar cells became available for the terrestrial market. At that time, the first large installations of different manufacturers using HCPV systems with multijunction solar cells were installed in Puertollano, Spain. The multi-junction solar cell consists of several pn-junctions in different bandgap materials. In this way, transmission and thermalization losses are reduced and high electrical efficiencies are possible. Concentration of solar radiation raises the efficiency additionally, as the open circuit voltage increases due to higher quasi-Fermi level separation. Multi-junction solar cells achieved electrical efficiencies of 46% under 508Â concentrated illumination (solar cell with four pn-junctions). 4 Introducing this kind of solar cell with the same solar cell structure but adapted grid design to be used in modules resulted in the highest electrical efficiencies measured for a CPV module with 38.9% under concentrator standard test conditions (CSTCs). 5 Today, the CPV technology is mature with many modules certified to International Electrotechnical Commission (IEC) 62108 6 to prove reliability. Since 2008, the installation in Puertollano has been operated. The IEC 62108-certified lens-based systems with a capacity of 600 kW p showed no significant degradation. 7, 8 The largest utility scale CPV installations so far-all based on multi-junction solar cells-were installed in Golmud, China, 138 MW p (58 MW p in 2012 and 79.8 MW p in 2013), [9] [10] [11] in Touwsrivier, South Africa, 44.19 MW p (2014) , 12 in Alamosa, USA, 35.3 MW p (2012), 13 and in Delingha City, China, 12 MW (2016). 11 Another key innovation for CPV was the development of the technology for silicone-on-glass (SoG) Fresnel lenses. The idea of a thin silicone layer in which the Fresnel structure of a lens is molded and which is attached to a mechanically stable glass plate was already published in 1979 14 by Lorenzo and Sala from University Polit ecnica de Madrid. In the early 2000s, a process for mass manufacturing of large arrays was developed at Fraunhofer institute for Solar Energy Systems ISE together with the Ioffe Institute in St. Petersburg. 15 The technology was applied to fabricate CPV modules which are known as the FLATCON V R technology. FLATCON V R is the abbreviation for Frensel Lens All glass Tandem cell CONcentrator module. The SoG technology gained market shares and is used in the large installations that were installed recently (e.g., Golmud 16 and Touwsrivier 17, 18 ). When discussing CPV technology, it is recommended to introduce different technology levels. In this paper, the distinction is presented in Fig. 2: we distinguish between the module, the single system, and the power plant. The module consists of many solar cell receivers and housing with electrical connections. The single system consists of several modules installed on a highly accurate two axis tracker which follows the course of the sun. High accuracy trackers for HCPV systems with 0.1 to 1 depending on the acceptance angle of the module are required. 19 The tracker also requires the unit for tracker control and infrastructure with the foundation. Many single CPV systems are combined in the CPV plant that is connected to the grid. The electricity generation of the plant obviously depends on the location, its solar resource, and the plant size but also on the performance and availability of the systems that, in turn, strongly depend on the procedures for operation and maintenance (O&M). On all levels, low costs and reliable performance are required.
For the design of CPV modules, several components need to be configured for the best performance. Following the terminology defined in IEC 62108 and shown in Fig. 3 , a CPV module consists of the receiver (solar cell with an optional secondary optical element (SOE), heat distributor, and electrical contacts) and the optical array. In case of a large dish mirror system or a solar tower system, the receiver with the solar cell is decoupled from the optics. Therefore, the solar cell subsystem of the full receiver combined with an optical concentrator and tracker is defined as the assembly. In the module or assembly, the concentrator optics focuses solar radiation onto the solar cell. The solar cell generates electrical energy. The energy that is not converted is lost, the majority dissipated as heat. This thermal energy is transferred either passively by conduction to a large area where it is transferred by convection and thermal radiation to the environment or actively by transfer to a cooling fluid. Thus, thorough thermal management in a CPV module is essential. The solar cells are electrically interconnected and additional components like bypass diodes are included in the module. Finally, the solar cells are protected from the environment by encapsulation or housing.
In this work, we focus on the challenges in designing modules and subcomponents. The CPV-specific design requirements for the different components of a CPV module are reviewed. The main design aspects and the highest performance module designs are presented. Finally, we briefly cover field experience of power plants in the last section.
FIG. 2.
From the module to the CPV power plant, several modules are assembled onto a tracker to form a CPV system. In the power plant, many systems are combined. The plant also comprises land, inverters, wiring, and grid connection. Here, the FLATCON V R module and a 1 kW CPV system with the FLATCON Terminology of a CPV module based on several optics in an array and small solar cells (a) and an assembly where the primary optics (dish or heliostats) is decoupled from the receiver (b). The receiver is composed of the solar cell with electrical contacts, the heat distributor, and if present the secondary optics. Together with the primary optics (lens or mirror), they build the module or assembly. The module is housed, whereas for the assembly the encapsulation is part of the receiver. In a CPV module, all component designs need to be matched to result in a high performance module design.
II. COMPONENTS IN CPV AND SPECIFIC DESIGN REQUIREMENTS
A. Concentrator optics
Main characteristics of optics in a CPV module
The optical efficiency g opt is the most important figure of merit of an optical component as it is the measure of how much of the solar power incident on the optics aperture P aperture is transferred to the cell area P flux,cell g opt ¼ P flux;cell P aperture :
The optical losses in Fresnel lenses are transmission losses due to absorption and reflection and geometrical losses (i.e., losses due to the Fresnel structures shape inaccuracy and scattering losses). Furthermore, dispersion losses can be significant, i.e., refractive systems suffer from chromatic aberration. In mirror optics, there is little loss due to wavelengthdependent dispersion and no draft angle loss. However, there are also reflection and geometrical losses and, additionally, shading by the solar cell and heat distributor or in specific configurations as in a Cassegrain assembly shading by secondary optics. Further reflection losses occur if a cover glass protects the mirror optics. Recently, the standard IEC 62989 Technical Specification (TS) Primary Optics was published (08/03/2018) 21 providing standard procedures for the qualification and characterization of primary optics.
Further important design criteria in the context of a CPV module are shown in Fig. 4 : first, the focal distance f not only defines the module height but also influences the optical design, then the half opening angle h as the angle to the optical axis at which the rays can maximally hit the solar cell.
An important figure for module specification is the geometrical concentration c geo . It is defined by the fraction of the aperture area A aperture and the designated area of the solar cell A cell,des where the designated area is the illuminated area of the solar cell within the bus bars
Another major characteristic of a CPV module is the acceptance angle a. The acceptance angle a 90% is defined as the angle of module inclination towards the sun where 90% of the modules power is generated. The 100% power reference is obtained for the exact alignment of the module towards the sun. The 90% target is commonly used, but any other target can be defined.
There is a trade-off between both characteristics (c geo and a) that can be expressed in the concentration acceptance product (CAP) 22 as defined in the following equation:
The CAP is limited by thermodynamics, according to the conservation of etendue
where h in and h out are the maximum angles of the input (light source) and output (concentrated light) beams and n in and n out are the refractive indices of the input medium (air) and output medium (between optics and cell).
With the maximum angle of radiation on the solar cell of h out ¼ 90 and the index of refraction of the input medium n in ¼ 1 for air, the maximum theoretical acceptance angle h in ¼ a 100% can be calculated from the maximum CAP achievable which corresponds to the refraction index between optics and solar cell n out , see also (CAP max ¼ n out ). 24 This theoretical value can only be approached with complex optical designs of several optical surfaces, while practical designs are far from that value. The maximum acceptance angles versus concentration for different refractive indices and values that were measured on real systems are shown in Fig. 5 .
Concentrator optics are distinguished into imaging and non-imaging optics. Imaging point focus optics display a miniaturized image of the sun onto the solar cell. Examples of imaging optics are aspheric plano-convex lens designs (including Fresnel lenses) or paraboloidal mirrors. Nonimaging or anidolic optics do not form an image of the source but focus on the optimal power transmission, which provides an additional degree of freedom and requires designing the shape of the surfaces of the optics. As a result, the form of the source can be adapted, for example, from a circular to rectangular target flux distribution. The optical design for nonimaging optics is defined by the edge-ray principle 43 with the design objective that rays coming from the edges of the source are focused towards the edge of the solar cell. In this way, all the rays in between will hit the target. Non-imaging optical elements may work by total internal reflection as in a compound parabolic concentrator (CPC) or kaleidoscope homogenizer. Designs based on K€ ohler integration have achieved the highest CAP values in CPV optical systems based on primary lenses 44 such as the LPI Fresnel-K€ ohler (FK) concentrator consisting of four units in an array. 22 A FIG. 4 . Defining geometrical characteristics in a lens-based CPV module: focal distance f, half opening angle h, and in this case square areas. Also, the position of input for solar power P aperture and P flux,cell is indicated.
K€ ohler integrator forms the image of an object (in CPV, the light incident upon the aperture of the primary optics) upon the output. Since the entrance of the primary optics receives uniform irradiance from the sun, its image on the cell is also a uniform concentrated light spot, reducing the impact of chromatic aberration. As described by Chayet et al. in Ref. 45 , the possibility of defining the flux distribution by non-imaging optics is especially advantageous in primary mirror optics with a dense array. The flux on receiver with the solar cells is uniform which simplifies electrical series interconnection of solar cells without the need for secondary optics.
Primary concentrator optics (POE): Reflective mirror optics
Reflective mirrors do not show chromatic aberration and high optical efficiencies are achieved if the spectral reflectivity is high for a wide wavelength range. In Fig. 6 , examples for measured spectral reflectivity on plane surfaces for different materials are shown and for comparison the solar reference spectrum ASTM G173-3, AM1.5d.
Silver mirrors are made by coating glasses, metals, or polymers. For so called first mirrors-the coating is applied on a substrate (not superstrate)-the surface has to be protected from humidity and mechanical stress leading to corrosion (here SiO x coating). In the example of Fig. 6 , the silver coated shows the best optical performance with a solar spectrum weighted reflectivity of 94.6%. Aluminum-based (polished, anodized) 46 mirrors reveal 90.2% weighted reflectivity.
Point focus mirror modules with passive heat distribution are assembled in an on-axis, asymmetrical or Cassegrain mirror arrangement. In the Cassegrain concept, parabolic and hyperbolic mirrors are combined. Different commercial and prototype modules are presented in Refs. 37 and 47-49 with the largest deployment by SolFocus. 16 The Cassegrain concept uses two optical surfaces to redirect the light towards the rearplane and has the advantage of low module FIG. 5 . Geometrical concentration c geo and acceptance angle a 90% of several concentrating optics. Values depicted in the graph were either reported at the references given or measured at the IES-UPM laboratories. The color code is as follows: blue, systems including silicon solar cells and Fresnel lenses (all the others are based on multi-junction solar cells); red, systems based on Fresnel lenses as primary optics; green, systems using reflective primary optics; pink, micro-CPV system based on refractive primary optics; and orange, two stage optics with primary stage working by total internal reflection (TIR). 20, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The continuous lines represent the theoretical limit of the attainable concentration acceptance angle product (CAP) achievable according to the conservation of etendue, for a system where the cell is surrounded by air (n out ¼ 1) or a medium whose refractive index is n out ¼ 1.5, i.e., glass or silicone. (a) As for the early systems, measured acceptance angle has not been reported, and a value for the CAP equal to the most similar technology (Amonix) was assumed. (b) For these concentrators, only acceptance angle for the elementary unit was reported. Thus, 90% of that value has been assumed to be attainable for the entire module. Graph reproduced with permission from M. Victoria P erez, "New concepts and techniques for the development of high-efficiency concentrating photovoltaic modules," Ph.D. thesis (E.T.S.I. Telecomunicaci on, UPM, 2014). 42 FIG. 6. Spectral reflectance for different materials. The silver coated sample on a polycarbonate (PC) substrate has a protective SiO x coating. The aluminum alloy consists of 99.9% aluminum. The average reflectivity between 280 and 1800 nm was weighted with the relative power that is available for the respective wavelength in the standard spectrum ASTM G173-3, AM1.5d. The weighted reflectivity for the silver coated sample is 94.6%, for the sample of polished aluminum is 90.2%, and aluminum sample is 85.7%. The data are examples carried out at Fraunhofer ISE to illustrate the wavelength dependent reflection of the different materials.
heights. In the on-axis arrangement (only one reflective surface), the solar cell and heat distributor are placed in the focal point of the mirror optics at the aperture plane, reducing the optical losses (less optical surfaces used) but shading the mirror. Thus, small-sized mirrors (e.g., <200 mm 2 ) and correspondingly small-sized solar cells are recommended. 50 An alternative proposed uses an optical fluid to enhance both the optical properties and the heat dissipation. 37 Large parabolic mirrors and heliostats are used in other CPV systems based on reflective optics. 57 Because of astigmatism and cosine losses, the larger the distance between optics and receiver at the tower is, the higher the optical losses are. This is why smaller heliostat fields have higher optical efficiency. In CPV, small fields and scalable installation sizes with single tower systems or a field of towers with electrical power per tower in the range of few hundreds of Watts to few Megawatts 53, 58 are feasible. In comparison, in concentrator solar power (CSP), the thermal capacity of the receivers is usually between 10 and 200 MW (Ref. 59) as, for example, in the Ivanpah Solar Electric Generating System (ISEGS) with rated capacity of 390 MW for the three towers. 54 The reason for the large capacities is that it is more effective in terms of costs and efficiency for the electrical generator in the tower. This is not required in CPV where the sub receivers can be arranged modularly.
Primary concentrator optics (POE): Refractive lens optics
In CPV, primary lens optics usually consist of several lenses with single unit areas of 4 In Fig. 7 , the spectral transmission is shown for a glasssilicone sample and a PMMA sample. For PMMA, dips in the high wavelength region are clearly visible. These spectral dips are critical if current matched multi-junction solar cells are used. For example, van Riesen et al. describe in Ref. 5 the impact on a four junction solar cell where the bottom junction absorbs above 1120 nm (i.e., below the energy bandgap of 1.1 eV for the third junction); there, the first dip just starts. In the investigated solar cell, 12% lower current is generated in this bottom junction due to transmission losses of PMMA. However, the SoG material also shows slight dips in the high wavelength region. The depth of the dip depends on the thickness of the silicone layer. This means in any material chosen, the transmission function of the primary optics needs to be considered when solar cell architectures for CPV modules are designed.
PMMA lenses are manufactured using a plastic molding process. 24, 62 UV stability was one of the major concerns for that technology as yellowing can occur. 63 However, with the right material choice, PMMA lenses proved to be stable with only moderate degradation. 64, 65 With the manufacturing process of injection molding, it is possible to manufacture curved surfaces. A specific dome lens design was developed by Araki et al. 66, 67 With the dome shape non-imaging lens, chromatic aberration is reduced and high geometrical concentration factors can be achieved. In addition, the focal distance (module height) can be reduced. Another approach is proposed by Panasonic in Ref. 68 . The lenses with the dome shape are directly attached to small solar cells (0.5 lm Â 0.5 lm) resulting also in a very thin module of 20 mm.
As already described in the Introduction, most of the module manufacturers use silicone-on-glass (SoG) lenses. The glass superstrate is mechanically stable, resistant to UV radiation, and easy to clean. Even though injection molding has been used, 62 today the SoG lenses are manufactured using a casting process. 69 It is important to take into account that the optical efficiency of specifically SoG lenses changes with temperature. As shown by Schult et al. in Ref. 70 , this is due to the change of the refractive index with temperature combined with deformation of the shape of the Fresnel facets due to the different thermal expansion of silicone and glass. The effect has been experimentally investigated in Refs. 71-73. To overcome this, an adapted Fresnel lens design suitable for a higher temperature range has been developed. 74 The design considers the expected deformation due to thermal expansion effects. It was shown, for monochromatic light of 622 nm, that with the improved Fresnel lens, the optical efficiency differs by 0.6% abs between 30 and 40 C, whereas the conventional SoG lens by 1.8% abs . For a wider temperature range, the difference becomes even more distinct. In the temperature range between 10 and 60 C, a variation of optical efficiency of 3.1% abs for the improved design versus 11.6% abs for the conventional design was measured. For the standard spectrum AM1.5d, the average improvement for the new Fresnel lens is 3% rel . In Fig. 8 , the measured and simulated monochromatic optical efficiencies are shown for different lens temperatures.
Despite other important parameters discussed, the yearly energy yield is the figure of merit for a CPV system. As discussed, the transfer function and the overall performance of the primary optics must be carefully investigated, since the spectrum of the sun changes over the course of a day and year and varies for different locations. Hornung et al. 76 investigated the yearly energy generation for different locations considering modules with PMMA and SoG lenses and lattice-matched (LM) triple-junction solar cells. It was shown that under design conditions, the optical efficiency of modules with SoG lenses was slightly higher by an average 1.2% rel . Even so, at the CPV locations Blida in Algeria, Boulder in Colorado, USA, El Arenosillo in Spain and Sede Boker in Israel, the losses due to ambient temperature were lower for modules with PMMA lenses by 1% abs compared to a SoG Fresnel lens where the losses are roughly twice as high.
One of the major drawbacks of lenses is the loss due to chromatic aberration, caused by the wavelength dependency of the refractive index. Since refractive index varies both with temperature and wavelength, both effects must be consider as a whole: chromatic aberration produces a spatial separation of the wavelengths at the focal point and temperature variation changes the effective focal distance for each wavelength. 72, 77 In standard glass optics, achromatic doublet lenses have been developed. 78 Recently, an achromatic Fresnel lens made of a laminate out of PMMA and polycarbonate (PC) was proposed by Languy et al. 79 for a Fresnel lens. Vallerotto et al. 80 presented an achromatic Fresnel lens structure which consists of a bifacial Fresnel lens made of PC or PMMA laminated to a glass substrate with silicone or ethylene-vinyl acetate (EVA). First promising experimental results were presented in Ref. 81 proving slightly higher tolerance to cell-lens distance between achromatic lenses and SoG lenses as well as lower changes for the spot diameter for the achromatic lens for varying temperature.
Secondary optical element (SOE)
Secondary optical elements (SOE) are introduced in CPV technology to increase concentration, acceptance angle, or homogenization of flux distribution. The effective concentration at the exit of the SOE has average values typically between 300 and 1100 suns but can reach peaks of several times the average. The coupling between the SOE and the cell is a critical design point to ensure performance and above all, the long term reliability of the CPV system. SOEs increase not only angular tolerance but they may also reduce cell electrical losses and improve fill factor (FF) by improving the flux uniformity, 82, 83 reducing impact and losses caused by the chromatic effect of refractive primary optics in multi-junction cells, 84 and desensitizing the cell structure and design to focal distance and, consequently, to ambient temperature variations. 77 Reflective SOEs have a conical 85 or truncated pyramid shape. They are used to increase the concentration including usage of spilled light or acceptance angle. When they only capture spilled light or increase the acceptance angle, the reflective SOEs have the advantage of usually not being placed in the course of the concentrated light beam (or only a small part of the beam is reflected) and therefore they do not contribute with additional significant optical losses during on-axis operation. There are no absorption losses and thus higher optical efficiencies can be achieved for refractive SOEs. 86 In addition, in case of failure of the SOE (e.g., if it falls off), it does not mean that the module is destroyed but only power output and angular tolerance decrease.
Solid SOEs consist of transparent materials with a higher refractive index than air (e.g., glass or silicone). Consequently, refractive SOEs lead to higher CAP values than reflective ones. Spherical or conical shapes are usually used to increase acceptance angle or capture spilled light. In Ref. 87 , Menard et al. propose a ball-shaped lens that is used to increase the acceptance angle, homogenize the flux distribution and is easy to manufacture due to its regular shape. To combine different design objectives like increasing the concentration and acceptance angle, dome shaped SOEs are proposed in Refs. 88 and 89. In Ref. 90 , flux uniformity and acceptance angle were investigated for half-egg, kaleidoscope and domed kaleidoscopic SOEs. It is shown that the highest optical efficiency and acceptance angle can be achieved for the domed kaleidoscope with slightly lower uniformity at 0.5 than the half-egg. Other refractive designs are DTIR (dielectric total internal reflection) designs 91 or K€ ohler integrators. 22 Reflective or refractive compound parabolic concentrators (CPCs) 23, 90 or kaleidoscope 66 shaped SOEs are introduced to homogenize the flux distribution and to increase the CAP. 92 An example of a reflective Kaleidoscopic secondary optic to get uniform flux distribution on the solar cell or receiver is shown for a dense array by Helmers et al. in Ref. 93 . Uniform illumination is required as difference in flux intensity results in different currents in the cells. One approach is to adapt the interconnection scheme of the solar cell's need to the flux profile. 94 However, the flux profile is also influenced by non-constant or predictable factors like circumsolar radiation (CSR), manufacturing tolerances, and tracking errors. In this way, the SOE is beneficial.
In Ref. 86 by Victoria et al., reflective conical, reflective pyramid, refractive CPC, and two dome shaped SOE designs are compared. It was concluded that the shape and choice of material depend on the design objectives, so there is no general recommendation regarding the best design. In Fig. 9 , examples for reflective and refractive secondary optical elements are shown that were also investigated experimentally at Fraunhofer ISE.
Reflective SOEs are manufactured by bending or deep drawing of metal sheets. Surface treatment such as anodizing, polishing of aluminum, or application of a silver layer increases the reflectivity (Fig. 6) .
For refractive SOEs, high transparent and UV-stable materials are required as they are solid and are exposed to the concentrated radiation. The choices of material are silicones, 89 ,98 glass molded, 88 or sintered in a Solgel process. 24 The glass optics are glued, for example, with a silicone glue onto the solar cell. The silicone optics are directly casted by overmolding 89, 98 or also glued to the solar cell. However, choosing the right silicone is important. In Ref. 98 , it was shown by Victoria et al. that Polyphenyl-methylsiloxane (PPMS) was destroyed when operated outdoors, whereas Polydimethylsiloxane (PDMS) did not show degradation.
B. Solar cell
Solar cell architectures
Designing a multi-junction solar cell allows the choice from a variety of materials with different bandgaps and different processes. In Fig. 10 , different materials and technologies are listed that are available to design a III-V based multi-junction solar cell. III-V compound semiconductors are grown on a doped substrate like germanium (Ge), silicon (Si), gallium arsenide (GaAs), gallium antimonide (GaSb), or indium phosphide (InP). The photovoltaic active material needs high crystal perfection in order to avoid recombination of generated minority carriers at defects. The complete solar cell structure is usually grown by metal organic vapor phase epitaxy (MOVPE). Because of the suitability for higher throughput production, it is preferred to other growth methods like molecular beam epitaxy (MBE), although for certain III-V layers like GaInNAs MBE delivers the better material quality.
99,100 A multi-junction solar cell consists of 20 to 50 individual layers grown following different approaches. The first approach investigated was to grow lattice matched materials with increasing bandgap on top of each other. This is named as the upright growth method. It turned out, when growing on an activated Ge substrate, the current matching (4): directly casted dome shaped silicone, 89 and (5): glass molded secondary further investigated in Ref. 89. condition cannot be achieved. 101, 102 Therefore, the metamorphic (MM) growth concept was developed. [103] [104] [105] This concept introduces buffer layers in between the photovoltaic active solar cell where the lattice constant of the grown material changes. 106 In consequence, defects are generated in the crystal. The concept aims to localize all defects in the buffer layer; no defects should penetrate into photovoltaic active layers. Appling this approach, it was possible to select the best bandgaps for each subcell in order to achieve a current matched triple-junction solar cell on active Ge. 107 However, for certain architectures, growing high bandgap materials before materials with lower bandgaps leads to better solar cell performance. Note, after the growth, the substrate has to be removed and the grown structure is turned around. This approach is named as the inverted growth concept. Recently, the activated wafer bonding process has been introduced for multi-junction solar cells. This bonding process combines two semiconductors on atomic scale, thus leading to a monolithic block. This allows the combination of high quality materials with different lattice constants without introducing crystal defects. The wafers with the epitaxial layers are finally processed into solar cells (i.e., anti-reflection coating (ARC) and metallization for contacts are added). The huge variety of materials and technologies gives a lot of room for optimization of the individual cell architecture.
A more detailed description about multi-junction solar cells can be found in Ref. 109 . Some important solar cell structures and current statuses are described in the following paragraphs.
a. Upright growth concept. In the upright growth concept, different III-V composites are grown subsequently on a substrate starting with the material providing the lowest bandgap. In the photovoltaic active materials with different bandgaps, the introduced pn-junction causes the separation of the generated carriers. Barrier layers (back surface and front surface field) are introduced to passivate the boundaries of the respective pn-junction. Each of the subcells is internally connected via a tunnel diode. Thus, the subcells are connected in series which sums up the voltage of each subcell but limits the output current to the minimum of the subcells' currents. For highest efficiency, the current matching condition must be achieved, i.e., each subcell generates the same current under illumination with the solar spectrum.
State of the art multi-junction solar cells are triplejunction solar cells as shown in Fig. 11 with the lattice matched structure (LM) Ga 0.50 In 0.50 P/Ga 0.99 In 0.01 As/Ge. 109 The highest reported efficiency of a lattice matched triplejunction solar cell is 40.1% (at 135 suns). 110 However, in the lattice matched structure, the Ge subcell generates more current than the two upper cells. In order to achieve a current matching condition, the bandgap of the two upper subcells should be lowered. This is possible by changing the material composition of the ternary compounds but at the expense of losing the lattice matching conditions, see Fig.  11(b) . The metamorphic growth concept was successfully introduced: in 2009, a metamorphic but current matched triple-junction solar cell with Ga 0. 35 In 0.65 P/Ga 0.83 In 0.17 As/Ge and record efficiency of 41.1% (at 454 suns) was realized. 107 b. Inverted growth concept. The inverted growth concept was introduced since high bandgap material can be grown with highest quality lattice matched on a Ge or GaAs substrate. 102, 111 Afterwards, the metamorphic growth approach is used to provide the suitable low bandgap materials. In this way, the bottom pn-junction germanium can be replaced with a different bandgap material. The highest efficiency for a triple-junction solar cell with an inverted metamorphic structure (IMM) was achieved by Sharp with a InGaP/GaAs/ InGaAs solar cell measured with an efficiency of 44.4% at 302 suns. 112 The efficiency can be increased further by introducing additional pn-junctions. The IMM four junction solar cell GaInP/GaAs/GaInAs/GaInAs from the National Renewable Energy Laboratory (NREL) 113 achieved an efficiency of 45.7% (at 234 suns). 114 c. Wafer bonding. The metamorphic growth approach still introduces some defects into the photovoltaic active materials. The risk of dislocations can be omitted when two wafers are tied by direct wafer bonding. 108 This technology concept also increases the choices of differences in the lattice constant and substrate materials. Two solar cell architectures (could be single-, dual-, or triple-junctions) are grown on separate substrates. One structure is grown inverted. The wafers with the grown structures are bonded together and afterwards at least one substrate is removed. For transparent and electrically conductive bonds with high bond strength, molecular bonds are necessary. Plasma activation of the bonding surfaces improves the bonding strength. 115 The requirement of surface quality for this process is rather high with roughness below 1 nm RMS. 116, 117 Moreover, a low density of particles must be achieved by an additional polishing processing step [e.g., chemical mechanical polishing (CMP)]. A wafer bonded four-junction solar cell structure has shown the highest efficiency of all solar cells with 46.0%. 4, 114 The potential for the solar cell in a CPV system was investigated with a four-junction solar cell characterized when illuminated with concentrated solar radiation from a full-glass achromatic lens. The mini-module had an efficiency of 43.4% at CSTC. 118 For the wafer bonded or IMM structures, substrates need to be removed in a lift-off process. With epitaxial lift off (ELO), the wafer is separated by etching and scarifying a release layer. [119] [120] [121] [122] The lifted structures are within a few micrometers in thickness. Handling of the lifted structures and even further processing to apply anti-reflection coating (ARC) and electrical contact are required. Bauhuis 126 In 2002, a triple-junction solar cell made of GaInP/GaInAs and GaSb of 33.5% at 308Â was presented. 127 Today, the highest triple-junction solar cell efficiency for a GaInP/GaAs mechanically stacked to Si subcell reached 35.9% under AM1.5g spectral conditions. 128 Stacking two solar cell devices requires four terminals that are interconnected and usually also require two independent circuits in the CPV module; this means increased effort for interconnection. This is possible when introducing new processing technologies on wafer level like transfer printing as proposed in Refs. 129-131. e. Current development to increase the efficiency and reduce costs. Increasing the efficiency and reducing the costs for the solar cells are the main target of current research. In terms of costs, the advantage of the upright growth is that only one growth process and no additional processing steps are required. Higher efficiencies with lattice matched materials can be achieved by introducing more pn-junctions. GaInNAs would be an interesting material for a four-junction solar cell. It provides the requested 1 eV bandgap. 100 A triplejunction device of GaInP/GaAs/GaInNAs grown with MBE has been developed reaching an efficiency of 43.5% (at 925Â). 132 Even more junctions-five to six-have been developed. [133] [134] [135] For those devices, the perspective of yearly energy harvesting in a CPV system has been investigated and it was shown that more junctions are beneficial. For example, using a five-junction solar cell instead of a four-junction solar cell 136 gives 3% increase in energy harvesting at three investigated CPV locations (Boulder, USA, El Arenosillo, Spain, and Sede Boker, Israel).
Using silicon as a substrate offers potential for substantial cost reduction but also higher efficiencies for a lattice matched structure by replacing the bottom junction of germanium with a higher bandgap material of 1.12 eV. 115 As the germanium subcell generates excess current in a lattice matched triple-junction solar cell under the solar spectrum, the total efficiency increases with a current matched structure. So far, for a wafer bonded two terminal GaInP/GaAs//Si solar cell, an efficiency of 30.0% at 112Â was achieved. 137 The highest efficiency is 33.3% for GaInP/GaAs//Si solar cell-however, not under concentrated illumination but the global AM1.5g spectrum. 114 2. Electrical design in the module: Interconnection of solar cells a. Series and parallel interconnection. In the module, the solar cells are interconnected electrically in series or in parallel. The power generated in each solar cell in the module can vary due to different cell or optical performance. Voltage differences mainly result from different operating temperatures. Differences in current are caused by differences in optical efficiency that result in different flux intensities. The solar cells also perform differently through inhomogeneous material quality resulting in series or shunt resistances or processing failures causing differences in size of active area or non-uniform anti-reflection layer. Finally, errors in the assembly process or through shadowing during operation can result in differences in performance (see also Subsection II B 2 b). In contrast to silicon PV modules, because of high current densities in CPV cells, each element of a string is protected with a bypass diode that is connected anti-parallel. The size of the bypass diode is defined by the current of the string. In addition, the electrical power needs to be dissipated in the bypass diode when it is in forward operation. The power is distributed by the substrate and therefore good thermal contact is required. Because of their good technical and economical properties, silicon Schottky diodes packaged or unpackaged are commonly used.
As the voltage differences are less severe, parallel interconnection is theoretically beneficial. That was shown in Ref. 138 where serial and parallel interconnection schemes were investigated for differently performing solar cells (e.g., due to difference in current generation or temperature). However, this also means high currents causing higher ohmic losses. In addition, Steiner et al. investigated in Refs. 139 and 140 the risk for thermal runaway in a parallel interconnection. The thermal runaway effect describes a selfstrengthening heating till the solar cell is destroyed. 140, 141 They recommend a combination of parallel interconnection of few cells (currents low enough to avoid thermal runaway) that are then connected in series. To prevent a temperature increase in 20 K at 500Â concentration, the number of solar cells in parallel should be limited to five-assuming a cell current density of 15 mA/cm 2 at one sun (0.1 W/cm 2 ) and 5 mm 2 cells. Then, the current density J SC of one cell is 7.5 A/cm 2 (corresponding 0.375 A). Regarding the module manufacturing process, it has to be considered that the parallel interconnection requires more interconnects since both the terminals are always interconnected. 140, 141 Solar cells or a solar cell string in parallel connection can be protected from reverse current by a blocking diode connected in series. 142 However, blocking diodes that are forward biased reduce the voltage of the string. Therefore, usually only complete modules or trackers are protected with blocking diodes.
b. Influence of misalignment of optical element to solar cell on module performance in a series interconnection. The narrow acceptance angle of CPV optical systems, typically between 0.5 and 1 , leads to very tight mechanical tolerances in the manufacturing and assembly of CPV sub-parts and modules. Mechanical errors, delimited by tolerances, produce optical misalignments among the units composing the modules (single lens-cell unit) and arrays (modules) and degrade the angular performance of the module. This can lead also to significant electrical degradation. In silicon flat plate panels, the dispersion in the electrical performance of the cell is the main cause of mismatch losses. In CPV, optical mismatch, specially caused by misalignments of the optical element, can become the main source of mismatch losses. Losses caused by the dispersion of optical parameters and misalignments in CPV where early reported in Ref. 143 . In Figs. 12(a) and 12(b) , an example for the relative angular FIG. 12 . Case study for exemplifying the impact of misalignments in the optical and electrical performance of a CPV module. The example CPV module consists of three lens-cell units, with acceptance angle a 90% ¼ 0. 5 and optical misalignments of two units of À0.35 and þ0.35 (grey continuous lines in left plot) in respect to the reference unit (blue line in left and central plots). In a real case of many more units, this two can be considered as the most misaligned units, being the others within 60. 35 (dotted lines in the left plot). It has been assumed that the maximum transmission values for all units are the same, i.e., all lens-cell units produce exactly the same current at perfect alignment. The left plot (a) shows the relative angular transmission functions of each lens-cell unit in respect to the optical axis of the reference unit (in blue). The middle plot (b) shows the resulting transmission function of the three units connected in series (each unit includes a bypass diode), for different bias voltage of the string. At short circuit (I SC ), the transmission curve is given by the highest value at each angular position (red line), i.e., the upper envelope of individual curves. The result is a significantly wider transmission curve at I SC . But at the maximum power point (P MPP ), the transmission curve is limited by the worst value at each angular position (green line), i.e., the lower envelope of individual curves. The result is a current loss (DI ¼ 5%) at perfect alignment of the module, but which is even worse, a reduction in the angular transmission in power of the module (a 90% ¼ 0. 15 ). The right plot (c) shows the resulting IV curve of the three units connected in series, where each color dot shows the bias voltage corresponding to the transmission curves of plot (b). The IV curve of a real module with more units connected in series would show a slope from I SC to P MPP similar to that caused by a low parallel resistance. transmission curves T(a) for two misaligned cell-lens units is shown. The acceptance angle of the cell-lens-unit is a 90% ¼ 0. 5 , and the solar cells are series interconnected and each connected with a bypass diode. Two lenses are misaligned between À0. 35 and 0.35 . For one lens misaligned by 0. 35 and the other by À0. 35 [ Fig. 12(b) ], the current is reduced for perfect alignment (DI ¼ 5%) and at the same time the angular transmission in the power of the module is reduced (a 90% ¼ 0. 15 ). In Fig. 12(c) , the points of bias voltage from the curves in diagram (b) are shown by the colored dots. It becomes obvious that the acceptance angle measured at short circuit I SC for misaligned optics is higher than measured at maximum power point P MPP .
The CAP value of an optical design defines the acceptance angle for a concentration level. The higher the acceptance angle, the higher the angular tolerance, which can be invested in higher mechanical tolerances in a manufacturing line for CPV modules or lower stiffness requirements in the tracker structure. So, acceptance angle should not be wasted, but used to reduce cost of the module or tracker. Several studies have been carried out to determine the impact of misalignment distributions in the module performance. Araki et al. studied in Ref. 144 the impact of assembly errors, compared to the acceptance angle of the elementary unit. Herrero et al. proposed an inverse method 145 to determine the 2D angular transmission function of CPV optics and modules by evaluating the light emission of a forward biased module. The method makes it possible to determine the individual transmission function of each lens-cell unit, as well as the angular misalignment among them 146 and its evolution with temperature. 147 It has been also used to characterize a production line, quantify defects causing misalignments and determine its impact in the system performance. 148 3. Optical design and current distribution in the solar cell in the CPV module a. Approach for design by simulation. The solar cell and the optics need to match well in the module. The first design parameter is the dimensions of the components that determine the power per cell and therefore the total current. The flux distribution on the solar cell given by the optical element(s) is spectrum and wavelength dependent.
For the optical design, radiation within the opening half angle of 0.267 comes from the sun disc with decreasing intensity to the disc edges (limb darkening). The aureole or circumsolar radiation (CSR) that results from radiation absorbed and scattered in the atmosphere contributes to the electricity generation. The influences are wavelength dependent and dependent on the atmospheric conditions. In the 1970s and 1980s, measurements of the sun shape were carried out by the Lawrence Berkeley Laboratory. 149 Later in Ref. 150 , Neumann et al. published intensity profiles for different CSR values measured at three different sites. They are a good basis for modeling CPV systems. The optical design is evaluated by the optical geometry including material properties (absorption, refraction, and reflection), dimension, shape, and optical losses due to shape tolerances and/or scattering. For the optical design, additional factors-for example, for tracking accuracy-need to be considered. In theoretical simulation in Ref. 76 , consideration of the losses due to tolerances with normally distributed standard deviation is proposed. On the solar cell device level, the front contact grid metallization is adapted for the flux intensity. This includes adaptation to a non-uniform profile given by the optics but also to optimize the shading losses versus resistive losses. 151 This means that the optimized grid strongly depends on the current densities, i.e., concentration factor resulting in radially symmetrical rather than parallel finger spacing. 152 To quantify the non-uniformity of the flux distribution on the solar cell, the peak-to-average (PAR) value is introduced. 153 The PAR is given by the maximum and minimum concentration on a solar cell area. Theoretical simulations are carried out to optimize the system iteratively, for example, with network simulation to determine the electrical output. 154 In the network simulation, the pn-junctions of solar cells are simulated with the two diode module including additional layers (conduction layers and tunnel diode). The current densities result from the flux profile on the solar cell. Sheet resistances and dimensions need to be available for all layers including the grid metallization (values for a triple-junction solar cell are given in Ref. 155 ). Perimeter recombination and dark current losses in shaded areas are considered as well. The layout of the grid-like finger distances or finger arrangement is then optimized to match the optics. 152, 156 b. Matching the focal distance to the lens optics and solar cell: Optimum cell-lens distance. In a CPV module, the optical element, solar cell, and spectral conditions determine the performance of the module. Practical definitions for CPV optical efficiencies that include the cell performance are discussed in Refs. 157 and 158.
The optimum distance between solar cell and lens is one parameter which is strongly influenced by the interaction between the optics and solar cell. Especially for lenses with chromatic aberration, the distance influences the amount of photons available for absorption and the lateral distribution of photons in the subcells.
83,159 Figure 13 shows the impact of the cell-lens-distance on the current-voltage characteristics of a multi-junction solar cell. The graph (a) in Fig. 13 shows the current density and fill factor (FF) as a function of cell to lens distance. The drop in current density is caused by photons missing the current limiting subcell s active area. Due to the series connection of the subcell in the multijunction solar cell, the current density of the solar cell is defined by the current generation in the current limiting subcell. Because of chromatic aberration, it is most likely that for different cell-lens-distances, different subcells limit the current. The wavelength-dependent focal length results in differences in the lateral current generation profiles of the subcells. Significant lateral current redistribution along the semiconductor sheet layers is required causing losses together with the sheet resistances of the layers due to series resistance. Series resistance losses strongly affect the FF of the solar cell I-V curve. In the example shown in Fig. 13(a) , at a relative cell-lens-distance of À1, the current generation profiles in the subcells are similar and thus the lateral current flow is at minimum. For slightly higher or lower cell-lensdistances, the lateral current flow and thus the series resistance losses are increased which cause a drop in FF. For celllens-distances higher than þ1 and lower than À3, the fill factor increases because photons are missing the solar cell active area. This reduces the current of the subcells differently and strong current mismatch of the subcells results in higher FF. 160 The combination of FF and current density dependency as described above causes the dependency of module (or solar cell) efficiency on lens-cell-distance as shown in Fig.  13 (b) with a peak in the efficiency. However, the efficiency dependency on cell-lens-distance varies for different ambient conditions; the spectral distribution and the ambient temperature have a particularly strong impact on the cell-lens-distance. 157 This needs to be taken into account when setting the module height.
C. Heat distributor
The high number of variables for designing CPV modules results in different solutions and setups. An approach to classify the different solutions is based on how the heat is distributed. Assuming solar radiation with 1000 W/m 2 , 1000Â concentration, 85% optical efficiency and that the system operates in open-circuit conditions, the maximum heat flux reaches 85 W/cm 2 . Under operation condition, the flux is additionally reduced by the electrical energy that is extracted. In passively cooled systems, the thermal energy is transferred to the environment in a two-step process: first, by thermal conduction to a larger area (the heat distributor) and then by transferring with convection and radiation to the environment. In actively cooled systems, the heat exchange is enforced by an external cooling cycle. A heat transfer fluid is used which can be either forced air circulation or a liquid like water. In this way, the thermal energy is transferred efficiently to a consumer, storage, or chiller. In Fig. 14 , the heat transfer between the ambient and module (a) or dense array receiver (b) is shown.
For the thermal design, the most critical interface is identified between the solar cell and the substrate. The solar cells are soldered or glued to the substrate and high thermal and electrical conductivity are required. The thermal conductivity of solder alloys (50 to 60 W/(m K)) is higher than for electrically conductive adhesives with (1 to 2 W/(m K) 161 ). In addition to the lower thermal conductivity for adhesives, there is an additional contact resistance at the interfaces to the cell and substrate. During cell attach process, void formation may occur. 162 Voids are critical as they increase the thermal resistance and thermal mechanical stress. Bosco develop due to changes of the chemical composition in the solder joints combined with thermo-mechanical stress and humidity. This can be critical for the reliability. It was shown that the crack formation is not as relevant for electrical and thermally conductive adhesives. However, the thermal resistance is higher for adhesives resulting in higher solar cell temperatures. During the mounting process for large area solar cells (>1 cm 2 ), low void content is also more difficult to obtain. A more detailed discussion on the trade-offs between solders and adhesives can be found in Ref. 165 by Wiesenfarth et al.
Passive heat distribution
Reasonable passive heat distribution is possible for small solar cells mounted to a heat distributer made from a material with good thermal conductivity (i.e., metal: aluminum, copper). Here, lenses or mirrors with aperture areas up to 400 cm , finned heat distributors can potentially be avoided with proper thermal design. Implementing cooling fins increases the complexity of the module design but with the enhanced heat transfer, larger solar cells can be used which leads to fewer parts per Watt in the module that needs to be handled during the assembly process. In addition, tolerances in positioning during assembly are higher by assuming that it is possible to achieve the same absolute displacement of a few tens of micrometers for the placement accuracy. Fins are foreseen in the modules from Emcore, 167 Suncore, 61 and Heliotrop. 166 In Fig. 15(a) , an example of solar cells mounted to a metal plate for passive heat distribution and rear glass plate as in the FLATCON V R module is shown. In Fig. 15(b) , the equivalent circuit diagram for a lens-based module is shown. The heat input _ q th,cell depends on the dimensions (aperture area of the primary optics) and operation open-circuit conditions for extracting electrical energy _ q el,cell . The thermal resistance between the solar cell and the substrate (R cond,die-attach ) strongly depends on the materials used. For thermal transfer, thermal resistance for free convection at the module-air interface (R conv ) with 0.2 to 0.1 (m 2 K)/W can be assumed. Convection also takes place transferring heat between the inside of the module and the ambient environment. Radiation (R rad ) should not be neglected-especially, on the rear side of the module where large temperature differences occur. Glass as a rear plate has a high emissivity between 0.92 and 0.95. For metal rear plates with lower emissivity, Nishioka et al. proposed in Ref. 168 that in the investigated design, temperatures were 10 K lower when applying a coating to the metal rear side to increase emissivity.
Active heat distribution with dense arrays
Aperture areas of the optical elementary unit larger than 1 m 2 lead to actively cooled systems. Typical examples are point focusing mirrors based on parabolic dishes, heliostat fields, or linear troughs (in HCPV with secondary optics and two axis tracking). Such primary concentrating optics yield a large focal spot of 5 cm 2 up to 1 m 2 and require a correspondingly dense array of solar cell receivers. In the dense array receiver, the solar cells are mounted to a heat exchanger using a cooling fluid for heat transfer. Square meters of dense arrays are used in CPV tower systems. 58 For example in Refs. 52 and 169-173, several actively cooled systems are presented. The company Solar System (later Silex) has developed large mirror dish CPV systems since the 1990s 174 and had installed more than 4 MW as of 2014. 11 The dense array receiver technology is also used in a CPV tower system with the advantage that the electricity generation is centralized at one point of the tower. 58 Today, a 200 kW commercial tower technology is provided by Raygen. Fig. 14(a) ]. The absorbed thermal power _ q th,cell , electrical power generated in the cell _ q el,cell , and absorbed thermal power in the optics _ q th,optics as well as ambient temperature T amb are included.
Most actively cooled systems take advantage of the system configuration and offer co-generation of thermal energy (CPV-T). Using the thermal energy, Helmers et al. 175 showed that the total conversion efficiency (generated electrical and thermal energy) can be up to 75%. One reason for the high efficiency is that high concentration is also an advantage for the thermal energy transfer. In thermal absorbers with small area, losses due to convection and radiation are lower compared to the non-concentrated absorber area. The challenge for the CPV receiver in the described application is that the solar cells need to be mounted with high packing factor (dense array) with low thermal resistance to the heat exchanger. Typically, cells are electrically interconnected in series and bypass diodes implemented. The standard interconnection method for a solar cell is to have the electrical terminals on the front and back of the solar cell. This standard interconnection scheme needs some space which is a loss of irradiated area in a dense array configuration. Therefore, interconnection schemes were investigated aiming for higher packaging factors in the dense array. The investigated options are front contacted solar cells, 176 back contacted cells (metal wrap around 177 or metal wrap through 178 ), monolithic interconnected modules (MIMs), [179] [180] [181] and interconnection by shingling cells. 182 In Fig. 16 , dense array receiver designs with different solar cells and interconnection schemes are shown. All of them were experimentally investigated in a 1 m 2 mirror dish system.
For the heat exchanger in the dense array, a good thermal transfer can be achieved by providing a large surface area inside of the heat exchanger (i.e., providing several thin channels like in microchannel coolers 186, 187 ), fins, 172 or coolers made of metal foam. 188 Another approach is to provide high thermal convection coefficients as realized in impinging jet coolers 189 (or also combined with microchannels 190 ). Royne et al. 191 show that thermal resistances of 2.3 Â 10 À3 (m 2 K)/W to 1 Â 10 À6 (m 2 K)/W can be reached with fluid heat exchangers. However, when selecting a cooler for CPV, heat exchangers with values lower than 10 À5 (m 2 K)/W at 1000Â concentration are recommended.
Another receiver design is proposed by Angel et al. 192 and Stalcup et al. 193 In their receiver, a ball lens is introduced as a secondary optic. Together with a tertiary reflective element, this allows certain separation of the cells in the dense array. Therefore, there is space between the solar cells for electrical interconnection and heat transfer. The approach was also suggested for a receiver in a CPV tower. 194 Water is usually the cooling medium, which allows for maximum temperatures below 100 C. However, the value of the thermal energy increases with higher temperatures. For example, temperatures above 400 C could also be used in a steam turbine process to produce electricity. Considering a CPV-T system to provide 400 C temperatures, new challenges arise. First, the selection of the multi-junction solar cells structure: AlGaInP/GaAs dual-junction solar cells were suggested by Steiner et al. in Ref. 195 for these applications. Solar cell efficiencies of 15% at 1000Â and 400 C have already been demonstrated experimentally with the potential of reaching 20%. 195 Still, high temperature stable electrical contacts and packaging technologies need to be developed for this challenging temperature level. The heat exchanger itself also needs to be adapted in order to be capable of running with thermal oil that is used in concentrated solar power (e.g., parabolic troughs) typically up to temperatures of 400 C.
Thermal design aspects in the CPV module: Size of solar cell and flux density and distribution
The electrical performance of the solar cell depends on the operating temperature. If the temperature rises, the power output decreases. The main reason is a temperature dependent change in bandgap and therefore a decrease in voltage with increasing temperature. The temperature dependence of the solar cell performance is described by the temperature coefficient. It is dependent on the material composition but also on the concentration as the decrease is smaller for higher concen- 184,185 198 ). For CPV-T applications with temperatures above 100 C, Helmers et al. 199 showed that the contribution to the electricity generation by the germanium subcell-usually used in a triple-junction solar cell-becomes insignificant. Solar cells with higher energy bandgaps than germanium become preferable for the lowest junction.
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The thermal design of the modules aims to achieve the lowest possible solar cell operation temperatures in order to maximize the electrical performance and enhance reliability. Temperature and reliability are closely linked; as a rule of thumb, the Arrhenius equation predicts half lifetime with an operating temperature increase in only 10 C. Solar cell operating temperatures should be below 95 C for 30-yr warranty. 200 Moreover, the design has to be reliable enough to withstand even higher than nominal operating temperatures, which occur during open voltage (V OC ) conditions when no electricity is extracted and the thermal budget to the solar cell is at its maximum. The final thermal design depends on the illuminated area and solar cell size, flux distribution and intensity, and also the conditions of the heat transfer (conduction and convection). The thermal behavior is simulated and investigated with methods of thermal finite-element-modeling (FEM) 161 or computational fluid dynamics (CFD) 201 combined with optical ray tracing simulations. 76 Jaus et al. 161 simulated the influence of the non-uniform flux distribution in a solar cell of a passively cooled module. In Ref. 202 , he demonstrated that the temperature in the center of a 2.6 Â 2.6 mm 2 cell absorbing 0.07 W is almost 15 K higher than at the edge of the cell. In Ref. 161 , it was also demonstrated that at V OC condition in outdoor measurement in Freiburg, the cell operates around 70 K above ambient temperature.
D. Encapsulation
Solar cells need to be protected from mechanical damage and water which would lead to corrosion of the solar cell and electrical contacts. For dense array receivers, the solar cells can be protected by a glass plate glued to the receiver with transparent silicone. However, the edges of the receiver need to be further protected as dust could accumulate. The encapsulation must withstand the concentrated illumination. In lens-based modules, the solar cells are housed. Hermetic sealing is difficult to realize and maintain for a lifetime of more than 20 yr. The temperature variations in the real application cause pressure and slight volume changes in the module. To avoid these stress factors on the encapsulation of the module, today most modules are breathable after sealing and only protected from rain water, dust, and dirt. Still, the humidity in the module is a challenge since water condensation may occur. Therefore, in Ref. 17, Gombert et al. proposed an air-drying unit. The modules are actively flooded with dry air, thus avoiding water condensation inside the modules. Other modules protect the cells against humidity and only have a membrane to allow air exchange and protection from dust and water. 203 In this context, it is noteworthy that refractive SOEs are beneficial to protect the solar cells. SOEs are glued directly onto the solar cell, thus the cell is completely sealed and protected against water condensation. Another interesting approach is presented by Rumyantsev et al. in Ref. 204 where the solar cells are glued to the glass baseplate from the rear side and thus fully protected.
Designs for low module height and low focal distance
The module height is a relevant design criterion. In passively cooled systems, the modules are usually assembled in the manufacturing facility and then shipped to the power plant. In this case for the reason for cost of transportation, the air volume and weight should be minimized.
Reflective optics are capable of providing shorter focal distances than refractive ones for the same aperture area (lower f-numbers), such as the already mentioned Cassegrain optics. 38, 47 In particular, concepts with non-imaging and light guiding optics can produce low modules, such as the XR concentrator-a concentrator with reflecting (X) and freeform refracting (R) optics as shown in Ref. 32 For refractive optics, the only approach for compact modules is to go to very small aperture areas of the elementary unit of the POE (micro concentration, see Sec. II F). For the same opening angles, the focal distance will decrease linearly with the edge length of the POE. Keeping geometrical concentration constant also means a reduction in size of the solar cell.
E. Reliability (C)PV modules are designed for a lifetime of 20 to 30 yr. To prove the stability of new developments, reliability is investigated by accelerated ageing tests in climate chambers. There, the performance of different components under defined stress is investigated. It is important to avoid superimposing of effects that prevent explicit characterization. Thus, testing on component level is required.
Qualification standards are developed within the working group WG7 as one of the working groups within the technical committee TC82 of the International Electrotechnical Commission (IEC). The participants and members are from industry and research institutes representing a broad spectrum of technologies and expertise. The first standard was published in 2007 with the IEC 62108 6 for "Design qualification and type approval." In the testing procedure, the electrical, mechanical, and thermal performance of CPV modules is tested to prove that the module can withstand outdoor exposure. The major stress factors like changes in temperature, humid environment, or mechanical stress are tested. In addition, the ability to withstand high irradiation intensities is tested in the off-axis beam test and under outdoor exposure. However, the actual lifetime depends on specific design, production, environment, and the conditions under which the modules are operated. Today, a certification to the IEC 62108 standard is mandatory for CPV modules.
Regarding the solar cell, different solar cell structures have proven to be very stable. Especially for metamorphic buffer layers, a shift or growth of dislocations into active solar cell layers could be critical as high material quality is required. However, in extensive experiments, no difference between metamorphic and lattice matched solar cells could be observed.
In the experiments at high humidity and temperature, oxidation of germanium and corrosion of the front side metallization occurred which is relevant for both structures. 210, 211 F. Novel module designs Different design approaches and set-ups of the CPV components result in a huge variety of module designs. Here, two novel approaches are introduced briefly.
Utilizing the diffuse irradiation
CPV technology only utilizes direct radiation. Thus, the diffuse radiation is lost. Considering the standard spectrum AM1.5global with 1000 W/m 2 utilized in flat plate modules and the AM1.5d with 900 W/m 2 as the resource for a CPV module, the solar energy resource is 10% less for CPV compared to flat plate modules. In order to capture the diffuse radiation, special CPV module designs are under development. In these module designs, the direct solar radiation is concentrated onto a high efficiency multi-junction solar cell. The multi-junction solar cell is mounted on a silicon solar cell that utilizes the diffuse and spilled light that does not hit the multi-junction solar cell or substrate. Thus, the full global sun resource can be utilized. These module concepts were proposed in Refs. 212-214. Typical CPV locations have a DNI/GNI ratio above 0.85. 215 With this concept of using the global irradiation, installation of CPV modules in areas with lower DNI/GNI (with GNI as the global normal irradiance) ratios becomes affordable. Yamada and Hirai showed in Ref. 214 an increase in power output of 39% for DNI/GNI around 0.75 for a module using triple-junction solar cells together with a bi-facial silicon solar cell. Martinez et al. showed in Ref. 216 that the silicon solar cell also works as a heat spreader and the metal distributor can be replaced. For this concept, bifacial silicon cells mounted to a glass rear plate are also suggested. In this way, additional radiation reflected by the ground can be utilized.
Micro-CPV
Micro-CPV is the miniaturization of the solar cell to an area of less than 1 mm The approach offers possibilities for new and potentially low cost manufacturing and assembly technologies as have been applied in large area display and micro light-emitting diode (lLED) technologies. Further progress and learning curves of those other technologies can be used. Module heights are low as the aperture size of the optics depends on the geometrical concentration and with the solar cell the focal distance decreases as well (constant f number and c geo ). This reduces cost for transportation, effort for handling and, with reduced weight, costs for balancing the system are lower. High optical efficiency can be achieved as full lenses are used omitting Fresnel lens losses from draft angles or tip roundings. Thermal management is also eased: solar cell temperatures are lower as the heat input per cell is reduced. Finally, due to low total current per cell, the electrical performance is less sensitive to nonuniformity of the flux distribution. 50 Challenges are electrical losses in the solar cell that need to be regarded because of high perimeter to area ratio 220 and possibly a higher percentage of shaded areas where dark currents induce losses. Additionally, many components need to be handled with high precision with placement in the micrometer range. This placement is required during the assembly but also needs to be maintained during operation where the positions can change due to thermal expansion. Alternatives for state of the art pick-and-place processes for mounting of the solar cell and wire bonding for the electrical contact need to be found. Parallelization of the process is possible as proposed by Semprius with the micro-transfer printing. 221 Self-alignment processes using capillary, magnetitic, 222 or electrostatic 223 processes are also possible on a research basis. More advanced is the fluidic self-assembly (FSA) process, where chips are transported stochastically by a fluid and then positioned on prepared, accurately manufactured tools for alignment. 224, 225 In the process from Panasonic, the surface tension during the soldering process is applied. 217 For parallel manufacturing of the front contacts (screen), printing, plating, or ink jet processes are feasible. Furthermore, solar cell structures with back contacted solar cells do not require a separate front contact and electrical interconnection can be realized with circuit boards. An overview of the status of micro-CPV technology is given by Dominguez et al. in Ref. 226 .
III. SYSTEM AND FIELD PERFORMANCE A. Electrical performance
The electrical performance is the most important characteristic of (C)PV modules. For this reason, for the electrical performance of various module technologies measured at different test labs, location at prevailing ambient conditions needs to be comparable. The standard 62670-1 and 62670-3 describe a methodology to measure the electrical performance of CPV modules in a standardized procedure. The standard ambient conditions for this electrical performance measurement are defined in IEC 62670-1. Besides spectral irradiance, wind speed, temperature, and direct normal irradiance (DNI) are the most important parameters in this standard. Given concentrator standard test conditions (CSTC), a DNI of 1000 W/m C ambient temperature and AM1.5d spectral irradiance are defined. 227 Multi-junction solar cells, widely used in CPV, exhibit higher dependency to spectral variations compared to silicon (and any single junction). CPV characterization procedures address this effect with a deeper control of the spectral irradiance. 228, 229 In the standard, the Spectral Matching Parameters (SMRs) 229 were introduced in the 62670-3 to determine spectral prevailing conditions similar to the reference spectrum. These SMRs can be determined with simple sensors based on component cells. Components cells have the same optical characteristics as the multi-junction solar cell but with only one subcell electrically active. In Ref. 230 , it was shown that the components cells of a lattice matched triple-junction solar cell can also be used for power rating of other cell types (e.g., metamorphic or four-junction solar cells) with no significant decrease in measurement uncertainty.
For indoor characterization of CPV modules with a sun simulator, CSTC is relevant. Next to the high irradiation of 1000 W/m 2 , the irradiation has to be uniform on the measurement plane and requires the same collimation angle as sunlight. In addition, the spectrum needs to match the reference spectrum and the constant reference temperature (25 C cell temperature at CSTC). The requirement for the irradiance intensity and spectral irradiance is commonly achieved using illumination with a flash light on the focal spot of a paraboloidal mirror and measuring during a short period of a few milliseconds. [231] [232] [233] [234] Absolute irradiance level is determined by means of a reference device similar to the measured module (typically, a calibrated mono-module is used as reference sensor), while the spectral conditions are determined by means of component cells and SMRs parameters. 235 As an alternative to laboratory measurements, outdoor measurements are performed. Outdoor measurements are intended for CSOC. However, the measurements can be translated to CSTC. 239 The procedure is defined in IEC 62670-3 and schematically shown in Fig. 17 . Besides outdoor measurements of the module filtered for distinct ambient condition, the solar cell temperatures are determined with the temperature coefficient and the open circuit voltage at 25 C. The open circuit voltage at 25 C is measured indoors with a sun simulator or derived from a dark IV measurement of the specimen.
The key advantage of CPV is the high electrical efficiency. In Fig. 18 , the development and actual status on cell, module, and system efficiencies can be seen. The module efficiencies were measured outdoors until the measuring procedure was defined in IEC 62670 in 2014. Today, the highest efficiencies are 46.0% on cell level, 4 38 .9% on module level, 5 and 30% 60 on system level.
B. Prediction of the power output
Prediction of the performance of a specific module design under defined conditions is required to compare different designs. To simulate instantaneous power output, wavelengthdependent spectra are required. They can be simulated with "Simple Model of the Atmospheric Radiative Transfer of Sunshine" (SMARTS) 242, 243 to allow a detailed analysis of the performance under different spectral conditions. Input data for SMARTS2 are the aerosol optical depth and precipitable water. Models for simulating instantaneous (short-term) power output of CPV modules under realistic outdoor conditions including the solar cell architecture are Syracuse 244 or YieldOpt. 245 C. Prediction of the energy yield and assessment of plant performance CPV technology provides high electrical efficiency. However, ultimately the yearly produced energy and the overall cost for a CPV power plant determine the economics. Therefore, a good prediction of the energy output of a 241 The diagram also shows that the projections were very accurate.
planned CPV power plant at a specific site is essential to determine the economics of a plant. 18, 246 Individual performance models based on field data combined with meteorological data from a specific site have been proposed in Ref. 247 for the Amonix module and in Ref. 60 for Semprius using SAPM by Sandia laboratory. 248 Another open source model is the System Advisor Model (SAM) from NREL. In the software "PVSyst" developed at the University of Geneva to model the energy production of PV power plants, it is possible to consider the CPV specific requirements like DNI, spectrum, and temperature dependence. 249, 250 The available DNI at a dedicated plant location is the most crucial input parameter for an accurate prediction of the plant performance. As usually no long term measurements are available, data for a typical meteorological year (TMY) are assumed. There are different data sources with the widely used database Meteonorm 251 (as worldwide data interpolated from weather stations) or TMY3 from NREL (derived from long-term measurements in the US) available.
Finally, to analyze the long term plant performance, the energy output based on electricity production and available energy (DNI) is monitored. The performance ratio (PR) as defined in IEC 61724-1 [Eq. (5) 
The PR is usually below 100% as there are known losses because the module is not operated under STC conditions and ambient conditions vary depending on the site. In addition, operating solar cell temperature, shading between trackers, soiling, electricity conversion, and distribution (inverter, wiring, transformer), high wind loads and finally electricity self-consumption of the CPV system cause losses. There are other "CPV specific" losses due to temperature dependence of the SoG lens and changes in spectral conditions. 12, 253 All these losses are anticipated and are included in the accurate prediction models. Including these losses with the utilization factor, prediction accuracy for AC power production of <2% for a CPV site has been reported. 250 To analyze the long term field performance, the performance index (PI) was introduced by Gerstmaier et al. in Ref. 240 and further detailed in Ref. 240 by comparing the actual with the expected energy production. By excluding the expected losses, the performance of an existing plant can be assessed easily. Evaluating three sites with installations from Soitec, PIs between 100% and 106% were reported. This means that the energy output of the plant exceeded the expectations.
D. Maintenance incidence during operation of CPV plants
It is important to understand failures in the field to introduce measures of prevention and better plans for maintenance works. For one of the oldest plants at ISFOC in Puertollano, analyzing maintenance work at the plant, most incidences occurred with the tracker (between 2008 and 2013). This can be explained by numerous mechanical parts. 215, 254 In Gerstmaier et al., 12 failures of inverters are reported as the main cause for unavailability. Faster repairs are suggested to reduce failure time. This also means that no severe failures of main components occurred, only failures of mechanical parts and electronics that could be repaired.
E. Long term stability-Durability
Long term stability of CPV module performance is crucial for economical plant operation where 20 to 30 yr are required. Long term data on the current module designs are limited as progress in development is fast. The qualification standard IEC 62108 so far gives good indication that systems perform well in the field if they have received the certification. 8 Solar Systems, 255 Soitec, 12, 18, 256 Semprius, 218 Suncore, 10 and ISFOC from the plants in Puertollano 8 and Daido Steel 67 have shown performance data from 2 to 8 yr with no degradation observed. 
A FLATCON
V R test-module with 6 cell-lens units and reflective secondary optics was mounted to a test tracker at Fraunhofer ISE in Freiburg, Germany. The initial performance of the module in 2008 is analyzed in detail by Jaus et al. in Refs. 85 and 257. As shown in Fig. 19(a) , over the whole period of 10 yr, no decrease in electrical efficiency can be observed. In Fig. 19(b) , a photo taken in May 2018 is shown. No degradation of the lens and solar cell assemblies can be visually detected.
IV. CONCLUSION
The strength of CPV is the highest efficiencies for direct-normal irradiance. On the solar cell level, the highest efficiency is 46% for a solar cell with four pn-junctions and 38.9% measured on the module level at standardized CSTC conditions. High efficiencies mean that power per module area is lower and therefore the production facilities are smaller and less capital expenditure (CapEx) is required to build up production. In particular, as the semiconductor area in HCPV systems is reduced, the energy payback time can be as low as 0.7 to 1.5 yr for CPV locations. 258, 259 The technology is especially suitable for high DNI regions above 2000 kW h/m 2 /year. The ambient temperatures in these locations are also usually high where CPV performs better compared to silicon PV because of low temperature coefficients and therefore lower losses due to temperatures. The application can be used from small systems to utility scale power plants. In actively cooled systems, thermal energy is generated that can be used for water heating or additional processes like desalination or solar cooling. In this type of system, the system efficiency can reach 75%. Furthermore, it is important to involve the local community for good acceptance of the technology. In a CPV installation, the local content can be high for local manufacturing of parts, preparation of infrastructure, installation, and also operation and maintenance. As the structure of trackers is high, it is possible to use the land below for other purposes like agriculture. Shading by the modules can also be beneficial for growing plants in the arid regions.
Solar cells, optical elements, electrical contacts, heat distributors, and housing or encapsulation are needed to make a CPV module. Because of the optics, the module or several modules are assembled on a tracker that moves with the sun. Finally, for utility scale electricity production, many systems are interconnected in a plant. High efficiency multijunction solar cells are available. Currently, solar cells with more than three junctions are under development to increase the efficiency further. To combine the variety of mostly III-V materials with different lattice constants, new processing technologies such as wafer bonding are being developed in addition to metamorphic concepts. New materials like silicon substrates are also used to reduce the costs. For the primary optics, the silicone-on-glass (SoG) Fresnel lenses are widely used. Different designs for secondary optics have been investigated. Depending on the design implementing secondary optics, the geometrical concentration or the acceptance angle (CAP) can be increased. With other designs, the flux distribution on the solar cell is homogenized. An ongoing research topic is the development of new approaches like achromatic lenses to overcome the chromatic aberration in lenses. All components in a CPV module need to match well for the overall best system performance. This is complex but well understood. For example, it is important to consider the temperature dependence of optical efficiency especially for SoG lenses.
CPV is a young technology making huge progress in the past 15 years. Even though first CPV systems were developed in the 1970s, until the years 2005 to 2008 only few systems were demonstrated, mainly by research groups or startup companies. Then, multi-junction solar cells became commercially available and the market started to increase. Unfortunately, the market has decreased since 2012 with declining prices for flat plate PV as the competing technology. There is large potential to further reduce the cost. Increase of efficiency and introduction of new manufacturing methods are possible. One approach is to implement manufacturing technologies that are used in other products with similar requirements like the LED or display industry. This would require miniaturized solar cells and optics. Another approach is to increase efficiency (by improvement of the component designs like solar cells and optics) and also the energy yield of a CPV module. Both can be achieved by introducing secondary optics. The utilization of diffuse irradiation with silicon solar cells and multi-junction solar cells is also promising.
In CPV, there is a variety of system designs as components can be arranged and designed in different ways using different materials and technologies for manufacturing. For good comparison and also to verify reliability, the working group WG7 within the technical committee TC82 of the IEC several has developed and finalized important standards in recent years. Recently, the IEC 62989 was published, where the characterization of optics is defined. The standard for power rating IEC 62670 is very important for comparison of performances of modules. Today, most commercial systems are certified to IEC 62108 which is an accepted method for proving reliability. Currently, to adapt this standard, a new standard for cells on carrier (COC) is about to be finished. Then, changing solar cells in a module will not require complete testing to IEC 62108 anymore. A standard for tracker qualification is also under development.
Finally, system installations in the field have shown reliable performances. In 2008, the first large installations in Puertollano with three different technologies were deployed. For the systems certified to IEC 62108, no degradation could be observed. In this paper, we also present a FLATCON V R module that has been measured for 10 yr and showed no degradation.
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